Familial hemiplegic migraine (FHM) is a rare subtype of migraine with aura. Mutations causing FHM type 3 have been identified in SCN1A, the gene encoding the Na v 1.1 Na + channel, which is also a major target of epileptogenic mutations and is particularly important for the excitability of GABAergic neurons. However, functional studies of Na V 1.1 FHM mutations have generated controversial results. In particular, it has been shown that the Na V 1.1-L1649Q mutant is nonfunctional when expressed in a human cell line because of impaired plasma membrane expression, similarly to Na V 1.1 mutants that cause severe epilepsy, but we have observed gain-offunction effects for other Na V 1.1 FHM mutants. Here we show that Na V 1.1-L1649Q is nonfunctional because of folding defects that are rescuable by incubation at lower temperatures or coexpression of interacting proteins, and that a partial rescue is sufficient for inducing an overall gain of function because of the modifications in gating properties. Strikingly, when expressed in neurons, the mutant was partially rescued and was a constitutive gain of function. A computational model showed that 35% rescue can be sufficient for inducing gain of function. Interestingly, previously described folding-defective epileptogenic Na V 1.1 mutants show loss of function also when rescued. Our results are consistent with gain of function as the functional effect of Na V 1.1 FHM mutations and hyperexcitability of GABAergic neurons as the pathomechanism of FHM type 3.
Familial hemiplegic migraine (FHM) is a rare subtype of migraine with aura. Mutations causing FHM type 3 have been identified in SCN1A, the gene encoding the Na v 1.1 Na + channel, which is also a major target of epileptogenic mutations and is particularly important for the excitability of GABAergic neurons. However, functional studies of Na V 1.1 FHM mutations have generated controversial results. In particular, it has been shown that the Na V 1.1-L1649Q mutant is nonfunctional when expressed in a human cell line because of impaired plasma membrane expression, similarly to Na V 1.1 mutants that cause severe epilepsy, but we have observed gain-offunction effects for other Na V 1.1 FHM mutants. Here we show that Na V 1.1-L1649Q is nonfunctional because of folding defects that are rescuable by incubation at lower temperatures or coexpression of interacting proteins, and that a partial rescue is sufficient for inducing an overall gain of function because of the modifications in gating properties. Strikingly, when expressed in neurons, the mutant was partially rescued and was a constitutive gain of function. A computational model showed that 35% rescue can be sufficient for inducing gain of function. Interestingly, previously described folding-defective epileptogenic Na V 1.1 mutants show loss of function also when rescued. Our results are consistent with gain of function as the functional effect of Na V 1.1 FHM mutations and hyperexcitability of GABAergic neurons as the pathomechanism of FHM type 3.
spreading depression | Dravet syndrome | generalized epilepsy with febrile seizures plus | calmodulin | ankyrin E pilepsy and migraine are common neurologic disorders that may have pathophysiological links (1) (2) (3) . Mutations have been identified for some rare types of epilepsy and migraine (1, (4) (5) (6) , opening a window for investigating their pathogenic mechanisms, which may provide useful information also about more common forms. The Na + channel α subunit Na V 1.1, encoded by the SCN1A gene, is the target of hundreds of epileptogenic mutations (7) (8) (9) , and of mutations causing familial hemiplegic migraine type 3 (FHM-3), a rare subtype of migraine with aura characterized by hemiplegia during the attacks, which can also be caused by mutations of Ca V 2.1 Ca 2+ channels and the α2 subunit of the Na + /K + ATPase (FHM types 1 and 2) (1, 6). The results of most studies suggest that epileptogenic Na V 1.1 mutations cause variable degrees of loss of function of Na V 1.1, leading to reduced Na + current and excitability in GABAergic neurons, and resulting in decreased inhibition in neuronal networks (10) (11) (12) (13) (14) . The most severe phenotypes (e.g., Dravet syndrome, an extremely severe epileptic encephalopathy) are in general caused by mutations that induce complete Na V 1.1 loss of function, leading to haploinsufficiency (15) . Thus, it has been hypothesized that a more severe loss of function would cause more severe epilepsy (8) . Functional studies of Na V 1.1 FHM mutations have generated more confusing results (1) . For instance, we have reported gain-of-function effects for the mutant Q1489K causing pure FHM (16) , and modulable gain-/loss-of-function effects for the mutant T1174S associated with FHM or mild epilepsy in different branches of the family (17) . Overall, our results are consistent with a gain of function of Na V 1.1 as the cause of FHM, which might induce cortical spreading depression (CSD), a probable pathomechanism of migraine, because of hyperexcitability of GABAergic interneurons (16) . However, a study has reported loss of function for FHM hNa V 1.1 mutants expressed in the human cell line tsA-201-in particular, complete loss of function for the L1649Q mutant because of lack of cell surface expression (18) . L1649Q has been identified in a four-generation family with eight members presenting with FHM, without epilepsy or other neurologic symptoms (19) ; this is a puzzling result more consistent with a phenotype of severe epilepsy (7, 8) . We have found that Na V 1.1 epileptogenic mutations can induce loss of function by causing folding defects (20) , which can be partially rescued by incubation of the transfected cells at lower temperatures (≤30°C) or by molecular interactions (21, 22) , as recently confirmed also for other epileptogenic Na V 1.1 mutants (23, 24) . We report here that L1649Q is a folding-defective mutant that, when partially rescued, is characterized by an overall gain of function, consistent with our hypothesis of FHM type 3 pathomechanism (16).
Results hNa v 1.1-L1649Q Is a Rescuable Folding-Defective Mutant. We initially investigated the functional properties of the human Na v 1.1-L1649Q (hNa v 1.1-L1649Q) by patch-clamp whole-cell recordings of the human cell line tsA-201 incubated at 37°C and transiently transfected with mutant or WT Na V 1.1 (human clone of the
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shorter splice variant isoform, −11 aa: equivalent mutation L1638Q). Similar to reported results obtained with the longer splice variant (18), we found that cells expressing L1649Q had current amplitude that was similar to mock-transfected cells (Fig. 1A) . Cells expressing the WT channel had robust Na + currents (Fig. 1A) . To find out if L1649Q induced this nearly complete loss of function because of folding defects, we incubated the transfected cells at 30°C for 36-48 h before the recordings (which were performed at room temperature as for the other experiments), a condition that can rescue several foldingdefective proteins (20) (21) (22) . Fig. 1A shows that in cells incubated at 30°C, L1649Q current density was 10.2-fold larger than in control (incubation at 37°C), reaching 57% of the value of the WT maintained at 37°C. WT current and endogenous Na + current of mock-transfected cells did not show significant modifications with incubation at 30°C (Fig. 1A) . Representative traces (Fig.  1B) show that L1649Q currents can be robust with incubation at 30°C, and I-V curves (Fig. 1C) show that currents started to activate near −50 mV for both WT and L1649Q, and peaked near −15 mV for WT and near −10 mV for L1649Q. Thus, L1649Q is a folding-defective mutant that can be functional in permissive conditions. Furthermore, we tested the effect of interacting proteins that can rescue folding-defective Na V 1.1 mutants (21, 22) . As displayed in Fig. 1D , L1649Q current density was not significantly increased by coexpression of β1 or β2 accessory subunits, or by β1 and β2, consistently with previous studies (18) . However, coexpression of the interacting proteins ankyrin G or calmodulin induced a significant partial rescue, although smaller than with incubation at 30°C (25.5% and 13.8%, respectively, WT). Coexpression with both calmodulin and β1 was not different in comparison with calmodulin alone. This data show that L1649Q can be rescued by incubation at lower temperatures and by some coexpressed interacting proteins; however, its current density was lower than that of the WT in all of the tested conditions and, considering only this parameter, L1649Q is still a loss-of-function mutant.
Effect of L1649Q on Functional Properties in tsA-201 Cells. We compared in tsA-201 cells the gating properties of L1649Q (rescued by incubation at 30°C) and WT Na + currents. L1649Q slowed down the kinetics of both activation and inactivation (current decay) of the transient current (I NaT ), as shown in mean normalized whole-cell current traces ( Fig. 2A) . Quantification of the time to half-activation over a range of potentials confirmed this finding (Fig. 2B) , with 1.75-fold increase on average. Similarly, quantification of the time course of the current decay by fits with exponential relationships over a range of potentials revealed that L1649Q induced on average a 4.1-fold increase in the time constant (Fig. 2C) . The analysis of the conductance-voltage plots (Fig. 2D) showed a small but significant positive shift (3.7 mV) of the activation curve of I NaT . Moreover, the inactivation curve of L1649Q showed a large (20.5 mV) positive shift and a 3.9-fold larger baseline, consistent with a destabilization of the inactivated state and an increase of the persistent current (I NaP ; see below). Analysis of kinetics of recovery and development from fast inactivation over a range of potentials (Fig. 2D, Insets) showed an acceleration of the recovery (on average 2.6-fold faster) and a deceleration of the development (on average 5.5-fold slower), further evidence of the strong effect that L1649Q has on the properties of inactivation. The same mean traces of Fig (Fig. 2E , Left Inset) and more than 15 min (range 16-58 min) after the establishment of the whole-cell configuration, expressed as a percentage of maximum I NaT . Both with WT and L1649Q, I NaP began to activate near −55 mV and peaked near −15 mV, but in cells expressing L1649Q it was 3.8-fold larger at −15 mV and significantly larger in the whole range of potentials. The increase was statistically significant also considering the reduction of L1649Q I NaT amplitude observed with incubation at 30°C (Fig. 1A ): 1.7-fold larger at −15 mV. Differently than for other Na V 1.1 mutants that we have studied (16) , the I NaP increase was still observable after >15 min from the establishment of the whole-cell configuration (Fig. 2E , Right Inset), suggesting that L1649Q I NaP was partially resistant to long-lasting dialysis of the cytoplasm. The resistance to dialysis could be due to the presence of the window current produced by the substantial overlap of L1649Q I NaT activation and inactivation curves (Fig. 2D ), which is a significant fraction of L1649Q I NaP , as shown in Fig. 2E . However, differently than total I NaP , L1649Q window current peaks at -31 mV and is very small at 0 mV (0.6% of the maximal I NaT conductance); for comparison, WT window current peaks at -44.8 mV, and it is 12-fold smaller than L1649Q I NaP and negligible at 0 mV Mean maximum current density in tsA-201 cells transfected with WT, L1649Q, or mock transfected and maintained at 37°C (269 ± 52 pA/pF, n = 7; 15.1 ± 1.5 pA/pF, n = 11, P < 0.01; 5.9 ± 3.0 pA/pF, n = 5, P < 0.01) or incubated at 30°C (336 ± 124 pA/pF, n = 17; 155 ± 26 pA/pF, n = 25; P < 0.01; 6.5 ± 2.7 pA/pF, n = 6, P < 0.01). (Right) Fold increase in current density with incubation at 30°C (P < 0.01 for L1649Q). (B) Representative whole-cell Na + currents recorded in cells incubated at 30°C applying depolarizing steps from −65 to +90 mV in 5-mV increments, from a holding potential of −100 mV. Calibration: 2 nA, 2 ms. (C) Normalized current-voltage plots for WT and L1649Q. (D) Mean current density in tsA-201 cells maintained at 37°C and transfected with L1649Q (15.1 ± 1.5 pA/pF, n = 11); L1649Q and β1 (16.5 ± 6.1 pA/pF, n = 15); L1649Q and β2 (11.8 ± 4.9 pA/pF, n = 6); L1649Q, β1 and β2 (12.1 ± 6.0 pA/pF, n = 5); L1649Q and ankyrin G (66 ± 16 pA/pF, n = 8; P < 0.01); L1649Q and calmodulin (37.4 ± 7.5 pA/pF, n = 19; P < 0.05); and L1649Q, β1, and calmodulin (36.7 ± 6.9 pA/pF, n = 7; P < 0.05). Data presented as mean ± SEM. *P < 0.05, **P < 0.01.
(0.003% of the maximal I NaT conductance). Considering window current-subtracted data at 0 mV, L1649Q I NaP after 5 min was 3.1-fold larger than WT I NaP , and it was 2.6-fold larger after 15 min. Thus, L1649Q I NaP has a large non-window-current component, which is reduced but not abolished by long-lasting dialysis of the cytoplasm. Slow inactivation may be particularly important in migraine, because neurons undergo long-lasting depolarizations during CSD. The curves of development of slow inactivation at -10 mV were well fit by a single exponential and reached the steady state after ∼20 s (Fig. S1A) . L1649Q displayed a 1.4-fold faster entry into the slow inactivated state than WT. The voltage dependence of the development of slow inactivation was not significantly modified (Fig. S1B) . The curves of kinetics of recovery at −100 mV after 20-s-long inactivating prepulse to −10 mV (Fig. S1C) were well fit by the sum of two exponentials: the faster one was 1.9-fold larger and had 10.6-fold faster time constant for L1649Q; the slower one was smaller and had 1.7-fold faster time constant for L1649Q. Furthermore, L1649Q induced an 11.6-mV positive shift in the voltage dependence of recovery from slow inactivation (Fig. S1D) . Thus, L1649Q recovery from long depolarizations is much faster than WT and complete also at more depolarized potentials. We did not study all of the properties of L1649Q coexpressed with ankyrin G or calmodulin, but the main properties were similar to those observed with L1649Q incubated at 30°C (Table S1) .
Together, our results show that L1649Q induces both loss-offunction effects (reduction in current density, slower activation kinetics, positive shift of the activation curve, and faster development of slow inactivation) and gain-of-function effects (e.g., positive shift of the fast inactivation curve, I NaP increase, and faster recovery from slow inactivation). To better disclose the overall effect, we studied the use dependence simulating neuronal firing by applying trains of 2-ms long depolarizing steps to 0 mV from a holding potential of −70 mV at different frequencies (Fig. S1E) . At 10 Hz, L1649Q and WT showed similar use dependence. At higher frequencies (50 and 100 Hz), the current elicited with L1649Q was significantly larger for the entire train; at the last stimulus in the train, the L1649Q current was 1.6-fold larger at 50 Hz and 1.8-fold larger at 100 Hz. To reproduce a more physiological stimulation, we performed action potential (AP) clamp experiments eliciting Na + currents with a neuronal discharge as voltage stimulus, already used in our previous studies (16) and characterized by an initial instantaneous frequency of 208 Hz, gradually decreasing to 37 Hz. Fig. S1F displays Na + currents recorded from tsA-201 cells transfected with WT or L1649Q and normalized to the maximal I NaT for each cell. L1649Q currents were larger for the entire discharge, being 2.1-fold larger for the first AP and fivefold larger for the 20th AP. Considering the reduction in current density, L1649Q current would show a 1.8-fold increase with rescue to 57% (as with incubation at 30°C; Fig. 1A) at the 20th AP. These results show that L1649Q can sustain high-frequency firing much better than WT.
Therefore, gain-of-function modifications in gating properties dominate over loss-of-function ones and may lead to a net neuronal hyperexcitability. However, the overall effect of L1649Q critically depends on the amount of rescue. Because rescue was quite small in tsA-201 cells when conditions were more similar to real pathophysiological ones (i.e., coexpressed proteins at 37°C), we used an experimental system that should more closely model real neuronal conditions.
Effect of L1649Q in Transfected Neurons. We used mouse embryo neocortical neurons in primary culture transfected 5-6 d after the preparation and recorded 36-48 h after the transfections, which show robust endogenous Na + currents and are excitable. We selected neurons with fusiform morphology, which are mostly GABAergic (Fig. S2) (10, 25) . We studied the properties of WT and L1649Q currents in neurons by using channels in which we engineered the mutation F383S, which confers resistance to the specific blocker TTX (15) . In these conditions, the currents covery from a 150-ms inactivating pulse at the indicated potentials: −110 mV, τ REC -WT = 2.1 ± 0.1 ms (n = 5), τ REC -L1649Q = 1.0 ± 0.1 ms (n = 6); −100 mV, τ REC -WT = 2.8 ± 0.2 ms (n = 5), τ REC -L1649Q = 1.3 ± 0.1 ms (n = 5); −90 mV, τ REC -WT = 3.98 ± 0.04 ms (n = 7), τ REC -L1649Q = 1.45 ± 0.14 ms (n = 8); −80 mV τ REC -WT = 6.6 ± 1.6 ms (n = 5), τ REC-L1649Q = 2.5 ± 0.2 ms (n = 5); −70 mV, τ REC -WT =13.1 ± 3.5 ms (n = 4), τ REC -L1649Q = 4.6 ± 0.5 ms (n = 5); −60 mV, τ REC -L1649Q = 9.3 ± 1.2 ms (n = 5); P < 0.01 or <0.05 for all of the potentials. (Right Inset) τ of development of fast inactivation at the indicated potentials: −60 mV τ DEV -WT = 38.0 ± 4.1 ms (n = 8); −50 mV, τ DEV -WT = 14.0 ± 2.0 ms (n = 8), τ DEV -L1649Q = 13.8 ± 2.0 ms (n = 9); −40 mV, τ DEV -WT = 4.7 ± 0.7 ms (n = 11), τ DEV -L1649Q = 9.9 ± 0.5 ms (n = 16); −30 mV, τ DEV WT = 0.19 ± 0.17 ms (n = 3), τ DEV -L1649Q = 2.35 ± 0.46 ms (n = 5); P < 0.01 or <0.05 for all of the potentials. (E) Same average normalized currents as in A, shown enlarged and for a duration of 70 ms. (Left Inset) Mean current-voltage plots for I NaP after 5 min (I NaP -max WT 2.2 ± 0.3%, L1649Q, 8.3 ± 0.8%; P < 0.01). (Right Inset) Mean current-voltage plots for I NaP after 15 min (I NaP -max WT 1.1 ± 0.1%, L1649Q, 6.9 ± 0.7%; P < 0.01); dash-dot and solid lines are the calculated window currents for L1649Q and WT respectively. Data presented as mean ± SEM.
of the exogenous channels can be recorded in isolation by application of TTX (1 μM), which completely blocks endogenous Na + currents. Preliminary whole-cell recordings showed that hNa V 1.1-WT-F383S currents were small (few hundred picoamperes) and with limited space-clamp errors, allowing the study of whole-cell currents. Strikingly, we recorded exogenous TTXresistant Na + currents also in neurons transfected with hNa V 1.1-L1649Q-F383S in control conditions (incubation at 37°C), as displayed in Fig. 3A . Average normalized currents (Fig. 3B) show that L1649Q-F383S slowed down current activation and decay also in neurons. Quantification of times of half-activation and time constant of decay over a range of potentials, obtained as for Fig. 2 B and C and displayed in Fig. 3B Lower shows that both activation and decay of L1649Q-F383S were slower at all the potentials (on average 1.4-fold slower for the activation and 3.3-fold slower for the decay), similarly to tsA-201 cells. The current density-voltage plot (Fig. 3C) shows that maximal L1649Q-F383S current density was smaller, ∼56% of WT-F383S, similarly to tsA-201 cells incubated at 30°C (Fig. 1A) . Analysis of the activation and inactivation curves (Fig. 3D) showed that the voltage dependence of activation was not significantly modified in neurons; however, similarly to tsA-201 cells, voltage dependence of inactivation displayed a positive shift of 19.7 mV. Although I NaP was larger and the window current was in proportion a smaller fraction of the total I NaP than in tsA-201 cells, its increase induced by L1649Q-F383S was similar ( Fig. 3E ): fourfold at -10 and 4.25-fold at 0 mV, where the window current is very small. Considering the reduction in L1649Q-F383S I NaT current density, its I NaP is 2.4-fold larger at −10 mV and 2.5-fold larger at 0 mV. Long-lasting recordings are quite challenging with cultured neurons, thus we were not able to study the stability of I NaP and the properties of slow inactivation. We have studied the effect of L1649Q-F383S on normalized action currents recorded upon application of neuronal discharges as voltage stimuli (Fig.  3F ): action currents were larger than WT-F383S for all of the APs: e.g., 1.2-fold on average for the first, 3.0-fold for the second and 3.2-fold for the 20th AP. Considering the reduction in current density, L1649Q-F383S is still able to induce an increase in action current for the entire discharge except the first AP: e.g., 1.8-fold increase for the 20th AP. Therefore, the effects of L1649Q in transfected neurons were similar to those observed in tsA-201 cells.
For more direct evidence of the effect of L1649Q on neuronal excitability, we recorded the firing of neurons transfected with L1649Q or WT channels, without the F383S mutation. Thus, because we did not block endogenous currents, in these experiments we modeled a pathophysiological condition in which Na V 1.1 is coexpressed with other Na V channels. We maintained the resting membrane potential at -65 mV and recorded the firing, injecting 400-ms-long depolarizing current steps of increasing amplitude. All of the recorded neurons generated trains of overshooting APs. Although we recorded from fusiform presumably GABAergic neurons (Fig. S2) (10, 25) , we did not observe typical fast-spiking firing patterns, probably because these properties mature later in culture. Fig. 4A shows firing traces recorded in representative neurons transfected with WT (Left) or L1649Q (Right). L1649Q-expressing neurons were on average more excitable than those expressing WT, as shown by the inputoutput relationship displayed in Fig. 4B , in which only overshooting APs have been taken into account. In fact, rheobase was between 30 and 40 picoammeters (pA) for L1649Q (1.1 ± 0.5 APs on average at 40 pA) and between 40 and 50 pA for WT (0.9 ± 0.8 APs on average at 50 pA); the maximum of the inputoutput relationship was 13.1 ± 1.7 APs for L1649Q and 7.0 ± 1.4 APs for WT. The mean maximum firing frequency (considering the maximal for each cell) was 16 ± 4 Hz for WT (n = 7) and 37 ± 5Hz for L1649Q (n = 7; P < 0.01). Amplitude and duration of the first suprathreshold AP were not different (L1649Q, amplitude from threshold: 65.7 ± 3.8 mV, half-width: 2.6 ± 1.3 ms; WT, 56.9 ± 11.6 mV and 3.4 ± 0.8 ms). Thus, although L1649Q was only partially rescued, it was clearly able to induce hyperexcitability in cultured neurons.
Computational Model. Because the amount of rescue is a critical parameter, we used a simple computational model for obtaining more information on the effect of this parameter on neuronal hyperexcitability. We tested the firing of the model in the different conditions injecting 500-ms-long depolarizing current steps of increasing amplitude. Fig. 4C compares the input-output plots of model neurons (number of overshooting APs vs. injected current) with increasing amounts of L1649Q current, which models different amounts of rescue. For instance, the WT condition was modeled with 200% of WT current (0.2 mS/cm 2 maximal conductance) and 0% of L1649Q current; the condition of heterozygosis with complete rescue with 100% WT and 100% L1649Q. We implemented also a condition of L1649Q homozygosis (0% WT, 200% L1649Q). Although our simple model did not completely reproduce the experimental curve, it was able to clearly show the effects of modifications in L1649Q current amplitude, which are displayed in Fig. 4D for the maximal number of APs and in Fig. 4E for the rheobase, in comparison with 200% WT. Notably, 35% of L1649Q current was sufficient to induce hyperexcitability considering the maximal number of APs generated, and was almost at the threshold for inducing hyperexcitability considering the rheobase. Therefore, an incomplete rescue of L1649Q can be sufficient for inducing neuronal hyperexcitability, as we have observed in transfected neurons.
Discussion FHM-3 can occur as pure hemiplegic migraine (Q1489K and L1649Q hNa V 1.1 mutations) or in association with epileptic seizures (L263V and T1174S) or with elicited repetitive daily blindness attacks (Q1489H and F1499L) that are independent from the hemiplegic migraine attacks (1, 6, 17) . Q1489K exhibited predominant loss of function when studied with the long hNa V 1.1 splice variant (18), but predominant gain of function in our study with the short (−33 bp) variant (16) . L263V was studied with the long variant and exhibited gain of function (18) . We studied T1174S with the short variant, observing overall gain-/ loss-of-function effect that can be modulated (17) . All of the mutants studied exhibited increased I NaP . Remarkably, in accordance with the results obtained using the long variant (18), we have shown here that L1649Q is nonfunctional when expressed alone or with accessory β subunits in tsA-201 cells incubated at 37°C, similarly to severe epilepsy mutants (7, 8) . However, our results show that L1649Q is a folding-defective mutant that can exhibit overall gain of function when partially rescued. In our experiments, L1649Q was rescued by incubation at 30°C, a typical feature of folding-defective mutants (20) , or by coexpression with interacting proteins that can probably stabilize correct folding, a condition closer to real pathophysiological ones. Na + channel principal α subunits are associated with accessory β subunits, and have stable interactions also with several other proteins (26, 27) . As highlighted previously, accessory β1 or β2 subunits did not rescue L1649Q, differently than for other Na V 1.1 mutants (21, 22, 24) . However, ankyrin G and calmodulin did, even if to a much lower extent than incubation at 30°C. Thus, although β subunits are considered the closest partners of Na V α subunits, other partners can have essential roles. Strikingly, L1649Q was partially functional when expressed in transfected cultured neurons without need of cotransfecting interacting proteins. Evidently, the neuronal cell background was sufficient for inducing a partial rescue, probably because of interactions with endogenous proteins.
Analysis of the gating properties showed that L1649Q caused similar modifications in tsA-201 cells and in neurons (the only qualitative difference was the effect on the voltage dependence of activation), which, importantly, induced an overall gain of function. The gating modifications were consistent with modifications of the kinetics and destabilization of both the inactivated and, to a lesser extent, the activated state. L1649Q is localized in the S4 transmembrane segment of domain IV, a voltage sensor that is particularly important for activation-inactivation coupling (28) , consistently with the large effects on inactivation that we have observed. A destabilization of fast inactivation is consistent with a dialysis-resistant I NaP component representing an intrinsic property of the mutant that does not require diffusible modulatory factors. Analysis of the overall effect of L1649Q by means of voltage stimuli mimicking AP discharges showed that the use dependence of the mutant is reduced in both tsA-201 cells and neurons, and can sustain high-frequency firing better than WT. Indeed, recordings of AP discharges in transfected neurons showed that L1649Q-expressing neurons were clearly more excitable, even if L1649Q current amplitude was ∼50% of WT. Thus, a limited partial rescue is sufficient for transforming L1649Q into a gain-of-function mutant, as shown by our computational model. Importantly, the epileptogenic folding-defective Na V 1.1 mutants that we and others have studied are characterized by loss of function also when rescued (21) (22) (23) (24) .
Functional properties of rescued L1649Q are consistent with a FHM pathomechanism involving hyperexcitability of GABAergic interneurons, leading to increased extracellular K + and GABA release that could trigger CSD, similarly to what we have hypothesized for other FHM Na V 1.1 mutants (16, 17) . Although we have selected bipolar neurons for our experiments, which are GABAergic, we may have recorded from different subtypes. However, properties of WT and L1649Q currents did not show large variability, and firing patterns were homogeneous (all of the regular spiking type, maybe because other GABAergic firing patterns, e.g., fast spiking, require more time to mature in our culture conditions). Of note, modifications in gating properties were in general very similar in tsA-201 cells and neurons, as observed in our previous study with the mutant Q1489K. Therefore, this data supports tsA-201 cells as a good heterologous expression system for studying modifications of Na V 1.1 gating properties, also considering that some properties (e.g., slow inactivation) are quite difficult to study in neurons. However, this correspondence has not been observed for all of the properties, and an integration of results obtained in the two systems would be useful for better disclosing modifications of functional properties and investigate the influence of the neuronal subtype on functional effects (13) .
We have performed our experiments at room temperature to allow a comparison with previously published data. However, temperature is an important physiological parameter and current-clamp recordings at physiological temperature are feasible (differently than voltage clamp recordings of Na + currents, which are quite challenging). Future studies are warranted to compare the effects of several mutations on the firing of different types of mature transfected neurons at physiological temperature. Knock-in mouse models can allow the study of the properties of neuronal circuits and of different neuronal subtypes in situ, and will be an important experimental model for future studies of Na V 1.1 FHM mutations, but it should be taken into account that mutations in these models are normally not engineered into human genes.
Rescue of L1649Q in vivo could depend on the type/level of interacting proteins expressed and possibly on other factors. Notably, a complete lack of L1649Q rescue would be consistent with severe epilepsy, which might therefore appear in this FHM family, although thus far phenotypes of affected members have been remarkably homogeneous.
Materials and Methods
We used the cDNA of the shorter splice variant (−11 aa) of the hNa V 1.1 Na + channel α subunit (GenBank accession no. NM_006920.4), subcloned into the pCDM8 vector for stabilizing it (16, 29) , and engineered the mutation with standard techniques (SI Materials and Methods). Results are given as mean ± SEM; statistical significance was assessed with a Student t test (P < 0.05 was considered significant).
The computational model is similar to that already used in Cestèle et al. (17) ; it is a modified version of that developed by Barela et al. (30) and obtained using the NEURON 7.1 simulation environment. The model is based on the Hodgkin and Huxley formalism and implements a single-compartment neuronal soma containing Na V 1.1 Na + channels, delayed rectifier K + channels, and leak channels (SI Materials and Methods). 
